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ABSTRACT
In the segregated network theory of electrical percolation the structure of the 
conducting network dictates the volume of filler required to reach percolation. 
2000 thousand years ago Appollonius of Perga showed that successively 
smaller circles would fill the interstices of larger circles. In the early 20th 
century Furnas described how by using a bimodal particle system it was 
possible for particles to pack in the same way as described by Appollonius 
and so create materials with a high density and low void fractions. By 
applying this theory to CNT-Latex composites, it has been possible to force 
CNTs to fill this reduced void space and so form a connected network at a 
much lower volume of filler and hence produce films with very low 
percolation thresholds. This work has also shown the direct dependence of 
the percolation threshold on the void fraction of the matrix and so can be 
controlled more effectively through particle choice.
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1. INTRODUCTION
Nanotechnology has been one of the most rapidly growing topics in the last 
twenty years, reflected by an increase in the literature of articles with a ‘nano’ 
theme rising from 3000 to over 40000 per year in the early 2000’s [1, 12]. 
One of the leading technologies being studied is carbon nanotubes. First 
discovered in 1991 by lijima the carbon nanotube has captured the scientific 
community with its exceptional properties, out-performing other materials in 
many different areas. Carbon nanotubes have outstripped traditional ‘tough’ 
materials such as steel in both tensile strength and Young’s modulus; they 
have the highest known current density, the best thermal conducting 
properties and have even been shown to super conduct at low temperatures
[2]. The obstacle to gaining the most out of nanotubes is the ability to purify 
and select different types and size of tubes and then to assemble them in to 
macro scale materials and composites. Creating high levels of structure at 
the nano scale is vital to enable useful properties on a large scale, the 
objective of this research is to use a mixture of latex colloids to create a 
highly ordered structure and so minimise the void fraction and force 
individual carbon nanotubes to take up interstitial spacing and form pathways 
at much lower weight content. By doing this the electrical percolation 
threshold can be attained at a much lower loading of nanotube filler. The 
theoretical development then follows that allows for the prediction of 
percolation properties of resulting films just from particle choice; size and 
packing regime. This is the combination of two previously unconnected fields 
of study in physics and materials science. It shows the potential to be a 
novel and neat explanation for many of the observations of composite 
scientists and the descriptions of theoretical physicists.
8
1.1. Carbon Nanotubes
Carbon nanotubes were first seen as soot from the arc discharge method 
used to create fibres and fullerenes; they are made of graphene sheets that 
are seamlessly rolled into cylindrical tubes. The size and type of tube varies, 
single wall tubes have diameters typically in the range of 0.7-2 nm and 
lengths of a few hundred nanometres up to microns, multiwall tubes, which 
will not be discussed here, are coaxial rings of many tubes and as such have 
much larger diameters. The nanotubes are defined by a chiral vector, this is 
in essence the angle at which the graphene sheet has been rolled, the vector 
is defined in equation 1.1 [3]
C = nai + ma2 [Equation 1.1]
Such that n and m are integers and a1 and a2 are related in magnitude to the 
bond length and direction to the tube axes. When n=m the tubes are 
described as armchair, when n or m=0 they are zig zag and all other 
combinations are chiral, the difference in the integers also determines if 
tubes are metallic or semiconducting see figure 1.1.
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Figure 2.1: Definition of chiral vector C and chiral angle 9 for a (2,4) tube. 0 
is defined as the angle between C and the zig zag axis [3]
Carbon nanotubes gain their unique optoelectronic and mechanical 
properties primarily from their effective one-dimensional structure. The 
curvature and quantum confinement lead to very well defined bands in the 
density of states known as Van Hove singularities, and the changes in the o 
and 7T bonds associated with this lead to increased strength and polarisability 
respectively.
As mentioned above raw nanotubes are created as a soot, and due to large 
Van Der Waals attractions between tubes, around 500 ev per urn of tube in 
contact, they form bundles [4]. To be able to use the nanotubes effectively 
they must be processed.
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1.2. Latex and Composites
Latex is a stable dispersion of polymer colloids in a liquid matrix, prepared by 
emulsion polymerisation using a variety of initiators, surfactants and 
monomers. There are three stages recognised in the formation of films [5-10] 
the first is evaporation, the second is particle deformation when particles 
form rhombic dodecahedrons and the last is interdiffusion when parts of the 
polymer chain from one particle entangle with another locking the system 
together. The last stage must occur at temperatures above the MFFT 
(minimum film formation temperature) of the polymer to ensure stable 
autohesion and prevent the formation of powder. During the drying process a 
meniscus moves across the film leading to ‘capillary pressure induced flow of 
latex1 and this is what leads to highly ordered hexagonal arrays of particles 
[11].
One of the major areas of interest is carbon nanotube -  polymer composites, 
already in use as electrostatic coatings for the automotive industry, they 
provide a potentially important use for field-emission displays, transistors, 
sensors and photonic crystals. To achieve these sorts of devices a low 
percolation threshold is desired and the major obstacle to this is still the 
ability to form conductive networks of nanotubes within the latex structure. In 
the segregated network theory of electrical percolation the structure of the 
conducting network dictates the volume of filler required to reach percolation.
The quest for a conductive, polymer composite has been a hard, 
drawn out battle; keeping the content of filler low, improving mechanical 
properties, scalability and cost perspectives [12,13]. Problems with previous 
CNT composites have been that the random distribution of the CNTs within 
the polymer matrix, dictates that a relatively high content of filler must be 
added to reach electrical percolation [4,5]. A large step forward came with
the idea of segregated networks such as has been shown by Grunlan [6,7]
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and some steps with using polymer blending and latex technology [8,9]. In 
these segregated systems the design of the matrix becomes, when 
previously it was largely irrelevant in terms of the electrical properties, the 
major design factor [10]. In order to create a segregated network of 
conducting particles the matrix must be carefully chosen to ensure an 
appropriate structure forcing the filler particles to overlap in the necessary 
way.
Segregated percolation theory has been shown to depend upon the 
mesoscale, crystal-like structure that the conductive filler forms within the 
matrix used. If the void fraction of a system is viewed as the space available 
to be taken up by a conductive filler then the ‘shape’ of the void space will in 
turn define the ‘shape’ of the network that the filler particles form when 
enclosed within the system and so the percolation threshold of the composite 
will be directly linked to the void fraction of the matrix. It is therefore a simple 
step to follow the Furnas curve to the point of maximum density, and hence 
minimum void fraction, in order to create a minimum percolation threshold for 
the size of particles being considered. By using this approach it has been 
possible to fabricate latex-CNT composite films with extremely low 
percolation thresholds.
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Chapter 2
Literature Review
2.1 Introduction
The focus of this thesis is in the combination of two previously separate 
topics. This literature review is consequently split in to two sections, the first 
is that of CNT as fillers in composites and the achievements of these 
systems so far and the second section is based upon particle packing and 
percolation thresholds of binary particle systems. There is some overlap with 
the percolation work as these theories have been used to quantise the 
performances of many CNT composite systems.
The use of CNTs for polymer-based composites has been the subject of 
much study ever since CNTs were first discovered. The enhanced 
optoelectronic properties that CNTs should provide to the diverse 
applications of polymeric materials as well as mechanical integrity is 
promising. There have already been many reviews on the subject, with the 
majority of focus being on low resistance films that are potentially transparent 
and flexible; achieved through the use of CNT as the filler in a polymeric 
matrix. The development of the segregated percolation threory as it applies 
to a conducting filler in a matrix has led to a large increase in the interest for 
composites for electronics.
The mixing of different sized particles has mostly remained as an academic 
exercise through theoretical modelling and geometric interest. Its direct 
application to the production of an electronic composite has not previously 
been studied. The initial concept of packing smaller particles into the 
interstices of larger particles was first proposed by Apollonius of Perga 2000
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years ago. It was a simple two-dimensional ‘gasket’ approach. The idea that 
it may hold important real situation significance was first noted for sands and 
porosities. It has been applied to the packing of spherical aggregates in a 
mixed bed.
The packing of particles in relation to this work has previously been 
considered in two very separate ways. The development of percolation 
theories, leading to the segregated network equation for resistance of a 
system with a conductive filler is the commonly used system in producing 
applicable systems for electronics, published most commonly in materials 
journals. The second is in the more simulated system in the study of the 
lattice structures and void fractions of packed particles work, which is mostly 
held in the realm of physics and statistical journals.
2.2. Particle Packing
The study of the way that particles can pack in bimodal and continuous 
systems has been the subject of much study. It has mainly been viewed from 
two different angles. The way that particles will pack to minimise a void 
space, this tends to be work carried out mostly experimentally for composites 
and sieve systems. Most of the work being carried out with macroscale 
particles such as lead shot or glass beads, and much of the analysis done 
simply by eye and theoretical calculations due to the age of the studies [1,2].
Furnas in the 1920’s seems to be the basis of most work to do with packing 
densities and void fractions. An engineer for the US mining authority he 
studied the density of grains in a furnace system as part of a comprehensive 
study into gas flow through particle beds. In order to quantise his findings he 
developed a set of equations that defined the density of a bimodal system. 
His conclusions were such that if two sets of particles are mixed then if the 
small particles are sufficiently small enough to fill the voids then there will be 
no increase in the volume of the total system. Therefore the void fraction of
16
the final system will be less than the void fraction of the initial constituents if 
they are the same, or less than the weighted average of the initial 
constituents if they are different. These equations were for calculating 
pressure drops and heat flows in furnaces.
Brouwers took these simplistic equations and expended them 
comprehensively but for systems when the size ratio in the binary system 
approached 1 as well as for a continuously graded system. He developed the 
equation for the void fraction of a mixed system so that it followed a Redlitch 
Kister function and used this to understand volume expansion and structure 
changes in the binary systems [3]. The important fundamental difference 
being that when considering particles of similar sizes there is no possibility of 
the smaller particles fitting inside the spaces between the larger ones and so 
there must consequentially be a volume expansion. For the original Furnas 
description the small particles are small enough such that they fill the 
interstices of the larger particles and so the void fraction is always reduced 
and the overall structure is not disturbed.
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2.2.1. Apollonian Packing
Figure 2.1: Apollon ion Gasket. Successively smaller circles filling the 
interstices of the previous sized circle [4].
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Two thousand years ago Apollonius of Perga [5] described how, by using 
successively smaller circles, it was possible to create a maximum density 
packing of circles by filling up the interstitial sites, (figure 2.1). This was 
geometrically important but was of course only two-dimensional. It has 
however provided a mathematical framework in which it is possible to derive 
the necessary size ratios and so forth to give different densities or void 
volume. His system has since been extensively made use of and expanded 
by mathematicians [6,7], including work by Leibniz in the 17th Century, 
allowing its development in to three-dimensions which then allows it to be 
considered as a model for how spherical particles may pack.
2.2.2. Furnas Packing
Furnas was an engineer for the US mining department and he was 
responsible for making regular inspections. One of the problems he 
encountered was to do with the way that gas flowed in a furnace through a 
particle bed, the pore structure was vital to the flow rate and so he studied 
the way that the aggregates would settle. He saw quickly that there was a 
very simple and repeatable way in which the systems arranged themselves 
and he decided to quantify it [8,9]. To keep the equations simple he first just 
considered a bimodal distribution of homogeneous spheres. He wanted to 
determine the limits of the particle size necessary to get the maximum 
density in the mixture. He was of course considering mesoscale grains with 
no interactions and so only considering mixing based on a random, gravity 
driven, density and packing.
If you consider latex particles however you can very closely approximate the 
same situation, latex particles being spherical and it being possible to 
fabricate them with a very monodisperse size.
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He defined his system by the volume fraction of large (C/) and small particles 
(Cs), with a vital consideration being the ratio (u) of the size of the two 
particles the void fraction of each of the monodisperse phases (fa and fa) 
and the void fraction of the final mixture (h). He then went through to define 
the point of mixing in which the system would be saturated, i.e. when the 
small particles completely fill the void spaces in the large particles. At the
saturated point then there would be maximum density and hence minimum
void fraction. Furnas’ system of grains meant that he only considered random 
close packing of particles and so the initial packing fraction is much lower 
than for a close packed crystal-like structures such as is seen in the latex 
systems. From this his equations for a saturated (maximum density) system 
follow in equations 2.1-3 [8]:
C, = 1 / (1 +<h) [Equation 2.1]
Cs = <h I (1 + <|>i) [Equation 2.2]
h = <j>i2 [Equation 2.3]
When considering a randomly packed system then the initial void fraction is 
0.5. Furnas also stated that this only works in the region when u<x>  and in 
this case the maximum density, i.e. the minimum h occurs when there is 1/3 
of small particles and so the void fraction tends to %.
This simple system was then taken by Brouwers [10-12] and expanded to 
look at different particle sizes and different packing regimes and defined a 
function for how the void fraction would vary.
[Equation 2.4]
21  x L(«3 - 1 )  +1______________
Si ~ X L(u3 -  1) + 1 + i [ l  -  X I  - ( 1  - X L)"](w3 -  1)'
/1 is the initial packing fraction of the monodisperse system, Xl is the mole 
fraction of large particles and u is the ratio of the particle diameter, rj is the
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packing fraction of the bimodal system, n denotes the number of spheres 
required to make up the basic crystal unit and hence defines whether the 
structure is fee, bcc etc. Brouwers does in depth work when u ^1  and so 
there would be an overall volume expansion and so a reduction in the 
bimodal packing fraction. This is different to the Furnas work that states that 
there is no volume expansion when considering a u -* °c  as the small 
particles just fill the gaps, it has since been shown that this approximation is 
valid though for u larger than around 3 for an fee structure[10].
By limiting the gradient change due to volume expansion and reducing the 
equation back to a simpler form it is possible to predict the curve for the
simpler Furnas system.
Figure 2.2: Reproduced from [10]. Curve showing the variation of the density 
of a bimodal FCC system with a variation in size ratio and number fraction.
Brouwers goes on to demonstrate that the void fraction equation can be 
generalized for all the lattice systems, FCC, BCC etc, if the different initial 
conditions are taken into account.
x,
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2.3. Percolation theory
Percolation theory is used to describe the sudden change in behaviour of a 
system that has an infiltrating ‘particle’ within a matrix. The sudden change in 
behaviour occurring when the probability of a continuous path is created with 
the filler. This theory has been most successfully applied to the electrical 
properties of composite films when a conducting particle is used as the filler 
in an insulating matrix [13-16]. The desire to create flexible, transparent, 
plastics that also have conductive properties is high in industries, especially 
for the new generations of electronics that are demanded.
The theory has been continuously studied since the early 70s but the 
massively complicated nature of the system when it comes to defining all 
parameters has meant that there is no comprehensive theory that can 
explain the wide variations seen through experiment. There are however 
some excellent models that provide high levels of insight into the physics of 
the particle interactions.
22
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Figure 2.3: A typical Percolation Curve. A t a certain content o f filler there is 
current ‘switch o n ’ and then there is a maximum conductivity that is reached.
When studying bimodal particle systems the first considerations were as to 
what variables needed to be quantified when considering the formation of a 
non-zero probability, complete pathway. The small particles must be prolific 
enough to occupy all lattice sites across a network for the system to be 
percolating.
Therefore the volume of particles and the sizes of both the filler and matrix 
particles seem to be the major considerations from a geometrical standing, 
but how the particles interact with each other has a major influence on the 
behaviour of the system. In some of the earliest work in this field it was 
considered that to have a complete network that the small particles would 
have to form a complete monolayer around the larger particles, which would 
be the point at which you would see ‘switch on’ of current and that there 
would be a massive decrease in resistance until a complete bilayer had been 
formed at which point the addition of more filler makes very little difference to 
the overall effect see figure 2.2 and equation 2.5 [17]:
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Va = % Pc Vb = 50 Pc [ 1 + (<j>/4) (Rp/Rm)]'1 [Equation 2.5]
Va is the volume percent of small spheres required to form a complete 
monolayer around the larger particles, Vb is the volume percent of small 
particles required to form a bilayer, Pc is the percolation threshold, 0 is the 
packing fraction of the large particles, Rp and Rm are the radius of the large 
and the small particles respectively. The notation is that as used in the 
original work as referenced where this refers to the large polymer and small 
metallic particles that were studied. This theory explains the general shape of 
the curves that are observed experimentally but was not at all accurate in 
terms of the actual numbers it predicted.
Further steps in the theory, in terms of improving this accuracy and at the 
same time making it simpler, occurred when the idea was postulated by 
Kusy, that not the entire surface needed to be covered by the smaller 
particles and that a complete network would be formed when only a fraction 
of the surface of the matrix particles was in contact with filler particles 
(equation 2.6 [18]). This simplified theory is the one that has generally been 
used and accepted ever since.
R = R0 (P -  Pcr  [Equation 2.6]
In equation 6 R is the resistance of the overall composite, R0 Is the 
resistance of the filler particle, including junction resistance, (this is very 
important when considering carbon nanotubes) P Is the fraction of sites in 
the conducting region that are filled with conducting particles, Pc is again the 
percolation threshold and \x Is the critical exponent.
The critical exponent has been shown to be determinate as to whether the 
system is conducting in three-dimensions or just through one plane. The 
discussions for this are based around the small particles being able to 
aggregate at the base of a matrix through gravity during film formation. It has
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also, in the age of Carbon nanotubes, led many people to consider the effect 
of cylindrical filler particles rather than spheres or ‘Spikey aggregates’ 
[19,20]. It has been seen that this adds several new layers of complication, 
from the theoretical standpoint alone it has been shown that cylinder 
orientation would make a 20% difference to the volume of filler required to 
achieve percolation. Experimentally of course the inhomogeneity of the CNT 
materials available, and such vast discrepancies in junction resistances and 
inherent conductivities, make the marrying of theoretical prediction to 
experimental results almost impossible [21]. The standard value of p as 1.7 
for a three dimensional system has been assumed throughout this study.
2.3.1. Segregated Network Theory of Percolation
The idea of a percolating network being segregated was first described by 
Kusy in the 70s [18]. In his paper he describes four possible percolating 
systems, random and isolated, random but continuous, segregated and 
isolated and segregated and continuous. Whether a system is random or 
segregated is determined by the size ratio of the filler particle and the matrix 
particle, isolated or dispersed depends on the critical volume fraction 
(percolation threshold). The definition of P as the fraction of conducting sites 
being filled determines whether a system is random or segregated.
There has been much work done following from Kusy to show that the ratio 
of the size of the filler particle to the matrix particle is very important to how 
the volume of filler required varies. The smaller the filler is compared to the 
matrix then the more efficiently it fills the interstices, and then the defining 
factor in the segregated network becomes the fact that the volume of filler in 
the interstices is much higher than in the composite as a whole. This also 
marries well with the observations of Furnas and Brouwers who determined 
that a larger u would increase the packing efficiency.
It is important at this point to note that all this work was done when the small 
particle was the conductive filler, and the large particle the matrix. In the work
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presented in this thesis there is an almost double percolation, in that the 
matrix is made up of two particles, of which one is significantly smaller and 
so percolates the larger system to form a segregated and continuous 
network, into which again is added the conductive filler of carbon nanotubes. 
It is important therefore to be clear that there have been two separate 
problems tackled, that of the construction of the most dense and efficient 
bimodal matrix (through the use of furnas packing), and then the addition of a 
cylindrical, conductive filler to achieve a low percolation, conductive, 
composite film.
2.4 Theoretical percolation Thresholds of Lattices and 
Particle Systems
The Study of theoretical Percolation thresholds for various lattices, and 
particulate systems has been taken to great degrees of accuracy using 
Monte Carlo and other similar simulations. The most common discussions of 
such binary systems were trying to determine the packing structure and its 
consequences on different, specific systems in processes such as freezing
[22], and more specifically on the common lattice structures that arise 
throughout science.
There has been much debate about whether there is a universal minimum 
percolation threshold for particulate systems, with 0.03 being posed as the 
candidate [23-25]. It has been shown more recently though that this figure is 
different for different lattice structures after the fifth significant figure, which is 
statistically significant for the theoretical models, but is far beyond the ability 
of any materials scientist to verify experimentally, even without the 
associated difficulties of inhomogenity of products and constituents, 
especially on the nanoscale. A universal minimum would imply that there is a 
geometrical limit as it is only variant due to structural shape and so void 
spaces between particles. This is significant when combining percolation
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work with that of particle packing, which also states that it is only the size and 
shape of particles and the way that they pack which determines the void 
structure of the system.
The development of particle packing theories and dense sieve systems was 
undergoing its most prolific growth almost 100 years ago now. The creation 
of modern computer simulation packages has lead to a massive increase in 
the study of the theory of lattice structures and percolation thresholds in the 
last 5 years. The combination of these two generationally different pieces of 
work is one of the major successes of this study.
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Chapter 3 
Experimental Techniques and Methods
3.1. Structural characterization
Optical microscopes have been used to magnify objects for centuries, becoming 
a standard tool in many areas of science and technology. However, they are 
restricted in their ability to resolve features by the wavelength of light (410-660 
nm) and numerical aperture of the optical system, which limits the resolution 
given by equation 3.1, the Rayleigh criterion[1]:
0.61A 
P = —------
sina [Equation 3.1]
where A is the wavelength of light, and a is the maximum angle between 
incident and deflected beam in the limit of the lens aberrations. Therefore, for 
optical microscopy the resolution limit is currently about 0.2 pxn.
In order to understand the structure-property relationship in nanoscale material 
systems, it is necessary to characterize their structure at a nanometre or atomic 
level and relate it to the macroscopic functions and properties. Electron 
microscopes (EMs), such as Scanning Electron Microscope (SEM) 
Transmission Electron Microscope (TEM), Reflection Electron Microscope 
(REM) and Scanning Transmission Electron Microscope (STEM) use beams of 
highly energetic electrons instead of photons, and electrostatic and 
electromagnetic lenses instead of glass lenses, and so reduce the resolution to 
the A order.
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To produce an SEM micrograph a focused, primary-electron beam scans the 
sample surface in a raster fashion over a rectangular area. Primary electrons 
penetrate the sample and interact with atoms within the 3-dimensional space in 
the specimen known as the interaction volume. The scattering event of 
electrons travelling through the interaction volume can be divided into two 
general classes; inelastic scattering and elastic scattering. In inelastic 
scattering, electrons scatter within the target material, losing energy and 
changing direction with each atomic interaction. During this event, secondary 
electrons, backscattered electrons, X-rays, heat and light are formed, as shown 
in Figure 3.2a, and can be detected to produce an SEM image.
The spot size of a beam on the sample surface determines the resolution limit, 
as SEM cannot resolve any features smaller than the spot size, which can be as 
small as 5 nm. Other parameters affecting resolution include type of signal, 
beam penetration and the sample’s atomic number. Analytical information of a 
specimen can be gained by detecting two signals, mainly secondary electrons 
(SE) and backscattered electrons (BSE).
Secondary electrons provide high-resolution imaging of surface morphology. 
They are produced by inelastic interactions of high-energy electrons with 
valence electrons of atoms in the specimen, which cause the ejection of the 
electrons from the atoms. They possess a very low energy (<50eV) and 
originate within a few nanometres from the surface.
Backscattered electrons are elastically scattered from atoms in the solid, due to 
the elastic collisions with the nucleus of the atom. The negatively-charged 
electron will be attracted to the positive nucleus but if the angle is just right 
instead of being captured by the "gravitational pull" of the nucleus it will circle 
the nucleus and come back out of the sample without slowing down, because 
they are moving so fast, they travel in straight lines. In order to form an image 
with BSE (backscattered electrons), a detector is placed in their path. When 
they hit the detector a signal is produced which is used to form the image. They 
are characterized by high energy which varies directly with the specimen's
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atomic number and provide elemental composition analysis, as well as surface 
topography imaging.
The Accelerating voltage is responsible for the amount of energy carried by the 
primary electrons. Electrons with higher energy produce a larger interaction 
volume and generate higher energy signals, while low accelerating voltage 
provides information from the very surface of the sample. Sample composition 
strongly affects the depth and shape of the interaction volume. For example, the 
beam penetration for carbon is about 1 ¡am at 10 kV, and decreases with 
increasing atomic number of material [1,2].
electron
beam
cathodoluminescence
secondary
electrons
backscattered
electrons
absorbed
current
Figure 3.1. Schem atic representation (a) types o f electron beam -sam ple  
interactions (b) and their specific volum es o f interaction, reproduced from [3].
An atomic force microscope (AFM) is one of the most powerful tools that 
enables the acquisition of a three dimensional topography image at a sub­
nanometer resolution. It can also provide information about surface properties, 
friction and adhesion forces, viscoelastic properties, the Young’s modulus, 
magnetic or electrostatic properties, etc [4].
AFM involves imaging a sample utilizing a special probe (elastic cantilever with 
a sharp tip on the end). The tip is held at a close distance from a sample using
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Electron beam
a feedback mechanism measuring the surface-tip interactions on the 
nanoNewtons scale as the probe is raster scanned across the surface. The 
deflection of the cantilever due to the (electron cloud) repulsion between an 
atom at the tip and atom on the surface is measured in accordance with 
Hooke’s Law, equation 3.2 [4]:
F = ~^z [Equation 3.2]
In the above relation k is the spring constant of the cantilever, which depends 
on the material and the dimensions, and z is the tip displacement corresponding 
to the bending produced by the interaction with the surface. Forces that are 
measured include contact force, Van der Waals forces, capillary forces, 
chemical bonding, electrostatic forces, etc.
Figure 3.2. Schem atic illustration o f AFM, reproduced from [5]
AFM can operate in three general modes: contact mode, semi-contact mode
and non-contact mode. Contact mode can be used if the atomic resolution is
desired, because of very short range repulsive forces between the tip and the
sample surface. Contact mode can be carried out at constant force or at
constant average distance. In constant force mode, the tip is continuously
adjusted to keep constant deflection, thus fixed distance from the sample
surface is maintained; scanning at constant distance involves maintaining fixed
sample height relative to the tip, while the cantilever deflection is recorded. It is
typically used for scanning hard samples as the tip directly touches the surface
during scanning. It is not suitable for scanning soft samples such as organic and
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biological materials, and soft polymers, because it can result in tip breakage or 
sample damage. Due to the tip being in constant contact with a sample, lateral 
forces can act on the sample as the tip is dragged over the specimen. They can 
result in sample damage and image distortion. However, small lateral forces are 
utilized in the lateral force microscopy (LFM) to provide information about the 
friction.
Although, contact mode gives the best resolution, semi-contact mode is non­
destructive, and can be employed to study biological samples, soft materials 
(polymers, thin films) and samples weakly bound to the substrate. In semi­
contact mode (sometimes called tapping mode), the cantilever oscillates at a 
frequency closed to its free resonant frequency (v) given by equation 3.3 below:
[Equation 3.3]
where k is the spring constant, and m is the mass of the cantilever. Therefore, 
lateral forces are significantly reduced. The surface topography is recorded as a 
height image. During scanning, not only oscillation amplitude is monitored. In 
phase mode imaging, the phase shift of the oscillating cantilever relative to the 
driver electronics is recorded. Phase shift of the cantilever oscillation provides 
qualitative characterization of material properties, for example adhesion or 
elasticity, chemical composition and friction.
Another non-destructive mode (non-contact AFM) is based only on long-range 
interactions where the cantilever is oscillated above the surface of the sample. 
Non-contact mode operates in the attractive regime of the inter-molecular force 
curve.
Although, this mode is suitable to image soft surfaces, it is also very sensitive to 
external vibrations and to the condensed water laying on the surface. In the 
contact mode, the tip will penetrate the water layer and will image the
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underlying surface, however in the non-contact mode the tip oscillates above 
the surface, thus imaging the water layer on the surface.
3.2 Sample Preparation
In this work two types of Latex were used, both had the same composition but 
different particle sizes.
Latex Composition Solids 
Content (%)
Glass 
Transition 
Temp (*C)
Particle
Diameter
(nm)
Large particle 
Latex
BA:MMA:MAA 48.5 28 270
Small Particle 
Latex
BA:MMA:MAA 45.0 28 52
The two latexes were combined in different concentrations, from 0.01 to 0.5 
weight fraction, of the small latex particles in to the big. Films were then cast 
and dried in the oven at 30 degrees for 5 hours. 30 degrees was used as this is 
above the glass transition temperature and so a continuous film is formed, but it 
is not so hot as to have completely broken down the particle barriers.
3.2.1. Dispersion of CNT
Literature values of physical properties of Triton X-100[6].
Molécula 
r weight 
(g/mol)
Density
(g/cm3)
CMC
(mM)
Structural
formula
Triton X-100 625 1.07 0.22-0.25
x x n~IO
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According to Geckeler et al.[7], to be able to obtain good CNT dispersion, 
optimum surfactant concentration should be used, which they found to be 
slightly higher than the critical micelle concentration (CMC). In this work, the 
Triton X-100 concentration in water used to disperse CNT is 16mM, while the 
CMC based on the literature value and experimental evaluation is -0.23 mM. It 
is reasonable to assume that the nanotube solution contains spherical micelles 
of free surfactant in addition to CNT-Triton X-100 complexes[8-10]. Previous 
studies have shown that at this quantity the best colloidal crystal properties are 
observed. The solutions are ice bath sonicated for an hour to achieve a stable 
dispersion.
The adsorption of non-ionic surfactant onto a CNT is driven by hydrophobic 
interactions between the nanotube surface and the hydrophobic part of 
surfactant molecule. Agitated by the sonication of SWNT-Triton X-100 solution a 
good and kinetically stable dispersion is achieved. The mechanism for such 
stabilization involves strong hydrophobic interactions and interfacing of the 
aromatic group with the lattice of the nanotube via at stacking. However, the 
dispersion tends to phase separate over a period of days, which is an indication 
of thermodynamic instability.
3.2.2. Composite Formation and Conductivity Measurement
The addition of Triton-X 100 surfactant to the latex has the effect of lowering the 
Glass Transition temperature and so plasticising the latex more. CNT’s can 
also be dispersed in Triton-X quite effectively. CNT -  Triton-X dispersion was 
added to the different Latex mixtures, made as described above, in different 
amounts from 0 to 1% by weight of CNT in the final dry composite.
The CNT dispersions were made with 1% of Triton-X by volume and 1 mg/ml 
concentrations of as produced CNT in de-ionised water. Single walled carbon 
nanotubes (SWNT) were purchased from Carbon Nanotechnologies Inc, and 
were synthesized through high-pressure catalytic decomposition of carbon
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monoxide (HiPco). Samples were centrifuged at 2000 rpm for 10 minutes to 
remove excess surfactants and large bundles.
On combination of the CNT dispersion to the latex mix the sample is horn 
sonicated for a 5 minutes on very low power (less than 10 W) so as to prevent 
heating of the polymer. The composite is then cast as a film, either free 
standing for SEM (Hitachi S-4000) and AFM (NT-MDT) characterisation, or onto 
a gold ceramic device for conductivity measurements.
Conductivity devices were made by the addition of 5 mm x 5 mm contacts of 
silver added on to the top of the dry film. Using a two point Probe system 
(Keithley Picoammeter) the IV characteristics were measured through the 
sample, one probe on the base and the second on the top contact. The IV curve 
was measured for the range of -1 to 1 volts for composites above the 
percolation threshold and from -10 to 10 volts for those composites found to be 
below the percolation threshold after the initial voltage scan.
For topographical information, SEM analysis was performed on a Hitachi S- 
4000 scanning electron microscope equipped with a field-emission electron 
source. Samples were imaged in high vacuum conditions and a secondary 
electron detector was utilized for image acquisition. Typical SEM working 
conditions were used as follows: working distance 6-10 mm, spot size between 
3 and 5, and slow scan imaging (~ 2mins per frame). An operating voltage of 15 
kV was used. No conductive coating has been applied.
The free standing films were attached to an AFM puck and analysed on an NT- 
MDT Scanning Probe Microscope in semi-contact mode, with both the height 
and phase images being taken.
Figure 3: SEM micrographs of as produced (a,b) HiPco SW N T bundles.
39
3.3 References
[1] nan yao, zhong lin wang, Handbook of microscopy for nanotechnology, 
Kluwer Academic Publishing (2005)
[2] L. Reimer, Scanning Electron Microscopy, Springer second Edition (1998)
[3] J. Wittke, http://www4.nau.edu/microanalysis/Microprobe-SEM/Signals.html 
(2008)
[4] P.Eaton, P. west, Atomic Force Microscopy, Oxford University Press, (2010)
[5] I. Jurewicz, Self-organisation o f highly structured carbon nanotube-polymer I 
composites, (2009) University of Surrey
[6] www.sigmaaldrich.com >... > Cell Lysis Reagents > Detergents
[7] Shin, J.Y., T. Premkumar, and K.E. Geckeler, Dispersion of single-walled 
carbon nanotubes by using surfactants: Are the type and concentration 
important? Chemistry-a European Journal, 2008. 14(20): p. 6044-6048.
[8] V. Moore, M. Strano, E. Haroz, R. Hauge, R. Smalley, Individually 
Suspended Single-wall Carbon Nanotubes in Various Surfactants, Nano 
Letters, (2003), 3, 1379-1382.
[9] R. Bandyopadhyaya, E. Natv- Roth, O. Regev, R. Yeroshalmi-Rozen, 
Stabilization of Individual Carbon Nanotubes in Aqueous Solution, Nano Letters, 
(2002), 2, 25-28.
[10] J. Hilding, E. Grulke, G. Zhang, F. Lockwood, Dispersion Of Carbon 
Nanotubes in Liquids, Journal of Dispersion Science and Technology, 
(2003), 24, 1-41.
40
Chapter 4
Particle Packing Results
In this section the results of the bimodal mixing of latex is discussed and the 
maximum density and overall structure is assessed.
From the theoretical calculations for particle packing from the Furnas 
equations, it is expected that a maximum density of the mixture should occur 
at around 20 % of the small particles, from the equation 4.1 below [1].
Ci = 1 I (1 + <i>i) [Equation 4.1]
Since the packing structure for the latex being used is FCC/HCP, as can be 
clearly seen from the AFM images below, FCC/HCP has an initial void 
fraction (fa) of 0.26. The size ratio for the particles used is ~5 and so there 
should be no expansion of the system, It is expected therefore to see from 
the AFM images that the smaller particles have completely filled the 
interstices at this mixing ratio, and that there is an absence of them at lower 
volumes of smalls, and a disintegration of the overall large particle structure 
at a larger volume of small particles to be replaced with a close packed 
crystal structure of the small particles with the large particles scattered 
throughout.
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Figure 4.1: AFM im ages o f the films formed from a mixture o f 1 % o f small 
particles, (a) and (c) AFM height images, (b) Phase image.
From figure 4.1 it is clear to see that the hexagonal close packed structure of 
the large particles is maintained over large distances with only a few vacant 
lattice sites and some grain boundaries but the domains are very large. From 
the smaller scale images it is also possible to see that the small particles do 
not completely fill the interstices, there is the occasional particle present in 
the spaces. (It is also possible that some of the
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Figure 4.2: AFM Im ages o f films formed from 5 % small particle mixture, (a) 
and (c) Height images, (b) and (d) Phase im ages.
surface particles are micelles of excess surfactant, but location at the particle 
junctions and the size scales makes it more likely to be the small latex 
particles) Figure 4.2 shows that the incidence of small particles is increased 
and from the close up image it is even possible to see the beginnings of a 
complete monolayer of small particles as described by Malleris and Turner
[2], It is also again clear that the long range ordering is maintained, although 
the spacing between the particles is increased. The latex is negatively 
charged and so this is probably due to electrostatic repulsions. This volume 
increase does not seem to be great in comparison to the amount of small 
particles filling the increase in space.
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the 10 % samples show slightly smaller domains for the long range ordering 
(figure 4.3), but the density of the particles seems to increase and the 
spacing again between the large particles is once again reduced.
For the 20 % sample it is clear that the small particles are filling the 
interstices (figure 4.4). The overall hexagonal ordering is still maintained, 
however the small particles appear to have pushed the larger particles apart. 
Indicating that there is actually a volume expansion of the system. It is also 
worth noting though that as AFM is only a surface measurement that it is 
possible that the small particles on the top of the film are resting so as to 
cover the large particle boundaries, but from the scale this is unlikely.
Figure 4.3: AFM images of the films formed from a 10 % small
particle mixture, (a) and (b) both height images.
In the 50% system (figure 4.5) we see that the concept of the larger particles 
in a ‘sea’ of the smaller particles is apparent [3]. All evidence of the overall 
close packed structure has been lost. For the larger particles, there are some 
small domains of ordering for the fine phase but they are quickly disrupted by 
the presence of the large particles. It is hard to determine if the films are 
more dense. The films do appear more opaque and tend to phase separate.
The particles have a diameter of -  270 nm and -  52 nm and so have a 
diameter ratio of approximately 5. In this size regime it is predicted that the 
small particles will fill the interstices of the larger particle without affecting the 
overall system, i.e. there will be no volume expansion and so the void 
fraction is reduced. This is clearly seen up to 10 % of small particles added to 
the mixture but by 20 % of particles there is clearly some expansion in the 
system, as the large particles are no longer observed to be touching. The 
latex particles used in this system are negatively charged and so due to the 
electrostatic fields the particles probably ‘appear’ larger to their neighbours.
Figure 4.4: AFM height image of film formed from 20 % of small
particles mixture.
The small particles therefore probably are not able to fill the spaces so 
effectively as they have the larger surface area and so the greater charge
Figure 4.5: AFM phase  (a) and height (b) im ages o f films produced from a 
sam ple with 50 % mixture. Films did not form effectively, image is taken from
a clear and solid section o f film.
interaction compared to the larger particles. There is also clearly particle 
deformation, as in the final films there are no actual void spaces. In the 
standard film formation process this is expected as the particles form a 
cohesive film, this may also have an impact on how the particles pack, as, if 
the packing is not complete by the time that the particles started to deform 
and coalesce no further movement of the particles will be possible. It is 
assumed that all the movement and void space calculations are for the 
particles in the solution when they are hard spheres and that the drying 
process is simply a ‘freeze’ of the situation just before the start of film 
formation.
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Another possibility is also particle interactions, in as much as it is likely that 
the small particles may ‘stick’ together under Van der Waals interactions if 
they manage to get close enough in the mixture. These larger globules of 
small particles are therefore more likely to push the larger particles apart 
than split up to fill the interstitial spaces. This mechanism will become more 
and more likely obviously, as the percentage of fines increases and the 
probability of the small particles being close enough to overcome 
electrostatic interactions increases.
This volume expansion is clearly seen for the 50 % of small particles where 
the dominant structure is now the domains of the small particle packing with 
the occasional large particle as a disruption. This complete breakdown of the 
structure is to be expected as the system changes to a small particle 
dominated system. The Furnas curve (figure 4.6) predicts a smooth return of 
the void fraction to the initial fully small system, the disruption of the structure 
in these films makes that impossible to verify experimentally.
The bimodal mixing of the two sets of particles with a size ratio of ~ 5 shows 
good agreement with the predictions of the Furnas model; That the density 
increases up to around 20 % of small particles in the system and that the 
small particles will fill the spaces between the larger particles, although there 
is some volume expansion the close packing hexagonal structure of the large 
particles is maintained.
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Figure 4.6: Curve o f predicted void fraction for a bimodal system  from 
Brouwers/Furnas as described in chapter 2.
After the 0.2 fraction of small system the whole network becomes disrupted 
and so a consistent film is hard to achieve with the large particles trapped in 
a ‘sea’ of smaller ones. The theoretical model assumes hard and non­
interacting spheres, which is not the case here. There is clearly scope for 
charge effects to influence effective particle size and clear evidence of 
particle deformation and some coalescence, This means that all void fraction 
assumptions are made on the particles in solution and assumed that the 
drying process simply locks together the previous void system. This becomes 
important when CNTs are added to the mixture to form a composite as they 
must fill the void spaces during the solution phase and then be frozen into 
those positions as the film dries and the particles deform around them.
0.02 ■
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Chapter 5
«
Low Percolation Composite films
The following chapter provides the results of the electrical measurements 
taken of the as produced films and discusses the percolation behaviour of a 
bimodal particle system and its connection with the void fraction.
The two-point probe system produces data in the form of IV curves. The 
composite films are ohmmic in their behaviour and so from a simple gradient 
extraction the conductivity of the films is determined. Two measurements for 
each film at each nanotube concentration were taken. From the plots of the 
conductivity there is a clear percolation behaviour as described previously 
(chapter 2). The percolation threshold is then deduced from this plot.
Figure 5.1: Scanning Electron Microscope Image o f com posite with 10 
% o f small particles and 1 % o f nanotubes (well above percolation) for
clarity.
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The SEM image in figure 5.1 shows how the CNTs wrap around the latex 
structure and so the concept of the reduced void space that they can fill is 
evident. It can be seen that there are areas at the interstices where the 
nanotubes can even be evidenced avoiding the small particles as triangular 
structures with a hollow (the particles do not show up under SEM) centre. By 
constricting the volume available for the filler, it is forced to take up 
connecting networks at much lower volume fractions. It is therefore the 
reduction in the void fraction through Furnas packing that will be directly 
responsible for reducing the percolation threshold for the composite films. 
The maintenance of the overall close packed structure is also vital, as can be 
seen, it determines the repetitive network structure that provides such an 
effective carrier pathway.
Figure 5.2 shows the clear percolation behaviour of the different CNT content 
films. Following the power law as described by Kusy discussed previously in 
chapter 2 [1]. The error bars shown are standard errors of up to a maximum 
of 6 averaged results, many of the error bars are smaller than the markers 
and so do not show up on the plot. The larger error bars are due to some of 
the samples only being able to produce less than the 6 complete sets of 
results. As the volume content of the small particles increases the curve 
shifts and the increase in conductivity is more rapid at low volumes of filler. 
There is also a slight reduction in the overall maximum conductivity of the 
films as the percolation threshold drops. This is something that has generally 
been observed in composite films, that as the percolation threshold drops, 
the overall conductivity is reduced. This has some important implications for 
the theoretical development of a model based upon void fraction as can be 
seen in chapter 6. This trend is shown numerically in the table below. The 
percolation threshold values were obtained by using the Origin Pro (8.1) data 
fitting software, and fitting to the power law as shown in the previous Kusy 
equation.
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Fraction of Large 
Particles
Percolation Threshold 
(fraction of CNT Filler)
Maximum Conductivity 
(Approx) (Scm'1)
0 0.08 1 x 10'4
0.80 0.02 1 x 10'B
0.9 0.03 1 x icrs
0.95 0.05 1 x 10'b
0.99 0.06 5 x 10-6
1.00 0.08 1 x 10-4
The theoretical plot of the composite void fraction (figure 5.3) shows the 
expected drop at around 20 % of small particles. The impossibility of 
producing smooth and cohesive films above 20 % means that the rest of the 
trend is not possible to confirm experimentally. In figure 5.3 it is possible to 
see that the change in the percolation threshold follows the trend in the void 
fraction very closely [2]. This link between the void fraction and the 
percolation threshold is what is expected from following the combination of 
traditional percolation theories with the Furnas packing regime.
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NT Content (Wt%)
NT Content (Wt %)
NT Content (Wt %1
NT Content (Wt %)
NT Content (Wt %) NT content (Wt %)
Figure 5.2: Conductivity piots of the composites made. For different volume 
content of filler (a) large particles only, (b) 1 % of small particles, (c) 5% of 
small particles (d) 10 % of small particles (e) 20 % of small particles, (f) small
particles only.
The connection  o f theses tw o param eters in such a c lea r w ay is very  
im portant in the deve lopm ent o f new  com posite  m ateria ls. By understand ing  
the strong dependence  o f the e lectrica l properties on the m orpholog ica l
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characteristics of the matrix more efficient conducting composites can be 
produced with enhanced optical and electronic properties.
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Figure 5.3: Plot o f the theoretical void fraction as calculated from the 
Redlitch-Kister function as described in Chapter 2 and the experimentally 
calculated percolation threshold o f the com posites.
Figure 5.4 confirms the closeness of this relationship, with a linear fit. Error 
bars are taken directly from the statistical error generated from the fitting 
software. There is a very tight linear relationship between the percolation 
threshold and the theoretical void fraction.
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Figure 5.4: Plot of the Experimentally derived percolation threshold 
against the theoretical void fraction values at the different CNT 
content films with a linear fit
There is a scaling relationship from the plot in figure 5.4 of 0.36±0.07 (value 
again derived from the fitting to a linear relationship in the same software 
package). If the void fraction is viewed as the space available for CNT to fill, 
then this scaling relation can be seen as the fraction of the void space that 
must be filled to achieve percolation. This linear relationship is not something 
that has been previously studied. The use of bimodal systems has been 
used to maximise densities but not then applied to composites for electrical 
measurements. There is presumably scope also to extend this to other 
systems when considering porosities and percolation of other materials.
The structure of the CNT network as shown in the SEM image indicates that 
the CNTs are filling the void space between the particles in the solution 
phase of the experiment, when the particles have ordered under gravity and 
mechanical agitation supplied from sonication. This ordering is in the form of
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a traditional three-dimensional lattice, with domains of FCC and/or HCP as is 
generally observed in colloidal crystal structures. The CNTs are forced to fill 
the void space as the water starts to evaporate from the system, and then as 
the colloid begins to undergo film formation the CNT network becomes 
locked in to the structure. The final network of the CNTs can then be said to 
represent the void space of the latex matrix before drying, depending on the 
quantity of nanotubes available to fill the space, if there are less nanotubes 
than void space, it is assumed that particle deformation will fill the space as 
observed in the pristine latex systems, too much CNT and it is assumed that 
the overall structure will either be disrupted by volume expansion, or indeed 
that CNTs will ‘fall’ out of the mix, forming a layer above or below the film.
The percolation threshold of CNT composites in a binary latex film were 
measured, and found to be of the same form as previously described by the 
segregated network percolation theory. It was however also observed that 
this percolation threshold had a linear relationship with the void fraction of 
the binary latex system. The scaling relation was found to be ~ 0.4 of the 
void fraction, adding this quantity of filler produced the ‘switch on’ of current 
in the films. Since the percolation threshold defines the minimum limit of filled 
conducting sites, it is assumed that 0.4 of the void fraction is enough to 
create a connected network through the void space of the system.
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Chapter 6
Theoretical Development
6.1. Particle Packing Applied to Percolation Theory
The fundamental development of this work Is that the application of these 
simple particle packing models has a real and quantifiable implication on the 
percolation properties of the resulting films. In the standard percolation 
equation from Kusy and others as shown below (equation 6.1), P is defined 
as the number of conducting lattice sites filled with a conducting particle. The 
important connection to make here therefore is that if the possible lattice 
sites are limited, as in a segregated network, then the void fraction 
represents the maximum possible value that P can take, the number of 
conducting sites has been reduced and assume the overall film volume 
remains the same. The insulating particles force the filler to only take up the 
void space left in the matrix and so the void fraction (h) is equivalent to Pmax. 
If the void fraction of a system is then reduced in a controllable and scalable 
way, Pmax is reduced directly and so as Pc must, by definition be less than 
Pmax the percolation threshold will also be reduced following the same trend 
with a linear relation.
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Figure 6.1: two-dimensional representative schem atic to show  how the use o f 
a bimodal particle distribution dictates the void fraction and hence the 
am ount o f filler required to reach percolation BCC structure is presen ted  for 
simplicity. Blue Circles represent insulating polym er particles and red circles
a conductive filler.
Figure 6.1 show s a tw o-d im ensiona l representation  o f the partic les in the  
system  in o rder to c learly  show  how the void space being reduced d irectly  
im pacts the possible  filling o f the space w ith  conducting  partic les. The black  
represents the void space, the blue circ les the collo id beads in 2D and the  
red circ les a conductive  filler. C irc les have been used fo r the fille r here as a 
general representation  fo r s im p lic ity  as well as a BCC structure  fo r ease o f 
representation but a lso as it is believed tha t this is a genera lised rule tha t can 
be applied to all shapes o f fille r and packing regim es as it is the void fraction  
tha t is the dom inant contribu tion. It has also been show n tha t due to the
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possible random orientation of Carbon Nanotubes that a sphere is a good 
approximation for a statistical approach over a large volume [1].
This theory, as well as providing an aesthetically pleasing solution to the 
packing of complex systems, also presents a possible explanation of the 
previously not well defined, observations of experimentalists working on 
conducting films; in that it has long been noticed that if the percolation 
threshold is reduced then the maximum conductivity of the overall system is 
also reduced, no matter how much more filler is added. If, as described here, 
the void fraction is the major factor in determining the amount of conductive 
filler that a segregated system can hold, once the void fraction is completely 
filled anymore filler will be wasted in the system or will just cause a volume 
expansion in which case the amount of filler is ‘diluted’ and so more would be 
required again to create the same conducting network, and so it also 
explains that there is a maximum limit to the overall conductivity of those 
films (minimum resistance), i.e.
Rmin = Ro(Pmax * Pc)  ^ [Equation 6.1]
From the results shown previously for the simple bimodal system there 
appears to be a linear relationship between the void fraction and the 
percolation threshold, as shown in equation 6.2, the intercept is assumed to 
be a measure of the experimental error and should be expected to pass 
through zero (the gradient and intercept derived from the linear fitting 
process of the graph in figure 5.4 as discussed in chapter 5).
Pc = 0.36±0.07/i(C,) -  0±0.02 [Equation 6.2]
From this simple assumption some very interesting results flow as direct 
logic.
The void fraction as described from the literature (see chapter 2) can be 
modelled as a Redlich Kister function in which case h is a function of u and
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Ci, making the simplification that you are only dealing with a single bimodal 
system then u and <j>i are just constants for the system being considered and 
so the only variable becomes that ratio in which the two particle sizes are 
mixed [1].
In this case then
h = h(C\) and therefore as Pc = Pc(h), Pc = Pc(Ci)
If Pc in the original percolation equation is therefore replaced with this 
function Pc(Ci) the proper shape for the percolation curves as shown here 
experimentally and derived and proven elsewhere over study for many years 
should be replicated if the theory holds.
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Figure 6.2: Plot o f the percolation curve using the void fraction 
function as Pc on the premise of Pc = Pc(h). Y is proportional to Resistance
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As can be seen from figure 6.2 the shape of the percolation relation is clearly 
replicated just by allowing the percolation threshold to be dependent upon 
the void fraction.
From this even more strength is added to the argument, in that assuming 
some sort of arbitrary value for R0, such as may be expected for a mixture of 
nanotubes (literature values suggest anything from 10 to 200 kQ) then the 
values of conductivity can be reproduced on the same conditions when 
plotted as a function of the fraction of lattice sites in the conduction zone that 
are filled with conducting particle.
Theoretical Conductivity
IE -03 Derived from Packing Ratio
rH
E' 1 E'Q4
4J
>  IE'OS
JL.1O
ZD
*o /
o 1E-06 
u
1 rr n ?I L * u  i
£ 0.25 0.50 0.75 1.00 
Fraction oi Filled Sites (P)
Figure 6.3: Conductivity o f the expected system when a literature 
value of R0 is assumed.
This work has therefore demonstrated that the electrical properties in these 
segregated systems is largely dependent simply upon the geometry and
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hence the particle choice. It also provides a clearer understanding of why the 
overall conductivity is reduced as the percolation threshold is reduced.
Plotting out the function Pc(Ci) as in equation 6.2 above produces the plot 
shown in figure 6.4. The coloured lines are the specific mixtures that were 
created experimentally to be able to compare with the theoretical values and 
experimental work.
The constant in equation 6.2 represents the minimum point of the percolation 
curve. It is the lowest possible value of the percolation threshold assuming 
that the void fraction is tending to zero. There has been a lot of interest in 
establishing what the minimum possible percolation threshold could be in a 
binary system, and whether this is a universal constant (see chapter 2 for 
discussion of this previous work). The conclusion seems to be that there are 
small differences in the absolute minimum value, but to accuracies far 
beyond the possible scope of these experiments and so that within an 
appropriate degree of accuracy the minimum value is 0.03. The minimum 
value from the experimental data is 0.02, at 0.8 fraction of large particles, 
and so seems to be close. In figure 6.4 the percolation threshold is plotted 
against the large particle fraction using the experimentally derived constants 
from equation 6.2.
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Figure 6.4: Percolation Threshold as a function of the large particle 
fraction with the experimentally derived constants and the 
experimental mixture fractions marked with the different coloured
lines.
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Figure 6.5: Plot of the percolation values from figure 6.4, from experiment 
and from a theoretical calculation based upon equation 6.3.
In order to make some sort of theoretical prediction to compare to from the 
saturated Furnas equation when hmin = <J>12 and from the assumptions made 
here that Pc = xh(Ci) then an equation can be assumed for the minimum 
percolation threshold associated with the minimum void fraction.
Pcmin = x<j>i2 [Equation 6.3]
x ~ 0.4 for this packing system.
The experimentally found constant is 0.36 and so appears to support the 
proposed theory.
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From figure 6.5 it can be seen that the theoretical values of the percolation 
threshold compare well with the experimental values, and that the derived 
multiplier is between the completely theoretical and the experimental which 
would be expected. The plots do not match up within in the experimental 
error, but the theoretical values are derived from a mixture of the more 
accurate Brouwers equations and the simplified Furnas equations. Neither of 
the theoretical systems takes into account the forces between the particles 
and the deformability of the latex used, which in this case is quite significant. 
The major factors are probably that the electrostatic forces between the 
negatively charged particles and the ‘sticking’ together of the small particles, 
actually means that that the size ratio is less, and this would make the 
expected percolation values lower and so would approach the experimental 
values. Considering the complexity of the system at such small scale the 
experimental values fit very well with the predicted values.
Further evidence for this strong connection also comes from the theoretical 
calculations of the critical percolation of FCC and HCP lattices [2] as being 
very similar, in fact the same to 5 significant figures. This is site or bond 
percolation thresholds and so not exactly the same principle, but the 
principles apply. There has been a lot of work carried out in determining the 
percolation thresholds of the different lattice types. The theoretical critical 
percolations are determined from coordination numbers and structural 
properties and so the HCP and FCC have the same percolation thresholds to 
within this very fine limit. It is therefore no coincidence that they have the 
same void fraction, which also adds weight to the theory that the void fraction 
can be used as a determining factor in the estimation of the resulting 
percolation threshold of a composite system.
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Lattice Structure Packing Fraction (1-h) Critical Percolation [2,3]
BCC 31“  it/8 = 0.68 0.2459
SC 0.52 0.3116
FCC/HCP 21“  re/6 = 0.74 0.1992
This work suggests that the void fraction is the major factor in determining 
the percolation threshold, and is dependent as shown in the equation upon 
the particles chosen; the size ratio, the bimodal distribution and the initial 
packing fractions. These initial packing fractions are determined from their 
packing regimes/lattice structure. HCP and FCC structures have the same, 
maximum, packing density of 0.74. i.e. they both have the same initial void 
fraction (0.26). This would mean that, assuming the same size and mixture of 
particles, both lattice structures would yield the same percolation threshold. 
This is born out by theoretical calculations of the lattice percolation 
thresholds.
From the simple desire to maximise the density of a particulate system a 
theoretical development to determine the percolation threshold of a binary 
matrix and filler system has arisen. These previously well-described systems 
had not been combined. The direct relation of the percolation properties of a 
film are dependent upon the void fraction of the system which can be simply 
calculated from the particle sizes, volume fractions of each and the packing 
regime. The results presented fit well with a purely theoretically derived 
curve, and are even closer if the consideration of the fact that the particles 
probably ‘appear’ bigger due to charge effects. The observation of the 
reduction in the maximum conductivity of a composite film being reduced if 
the percolation threshold is reduced has been a common factor for many 
different groups working in composites, the dependence of the percolation of 
the void fraction supports this observation as the void fraction will have a 
maximum value due to initial packing and any extra conductive particles will 
just cause a volume expansion or be wasted and so no additional 
conductivity is gained. The void fraction can be seen as the maximum 
number of lattice sites in the conduction zone and so is a measure of the
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maximum conductivity. This work reinforces the concept that the choice of 
matrix is vital in tailoring nano-composites to produce the desired attributes. 
From careful particle choice and knowledge of packing fractions it is possible 
to predict conductivity and percolation of binary films.
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Chapter 7
Conclusions
The continual desire to improve products, through performance or cost 
reduction has driven the field of nanotechnology. The ability to control bulk 
performance by manipulating structures and properties on the nanoscale is 
appealing for the development of faster, smarter, smaller, cleaner 
technologies. Especially in the face of energy difficulties, nanoscale 
electronics and composites are invested with great hope.
Composites in particular are studied widely. Transparent conducting films for 
static coatings and for solar cells, OLEDs and flexible displays are all fields of 
high interest and research. Working at the nanoscale presents its own set of 
difficulties to overcome, particularly when trying to mass produce, the simple 
fact that you are dealing with objects smaller than the wavelength of visible 
light means that researchers are literally working in the dark. In the quest to 
develop new products the means with which to study and analyse these tiny 
materials develops at an equal pace. Huge advances recently in the use of 
TEM, STEM, Raman and AFM have all accompanied large leaps forward in 
the development of new materials such as graphene. The difficulties 
associated with processing these materials means that self assembly is a 
desirable route to go down. To be able to controllably get materials to self 
assemble into a particular format opens the way for faster and cheaper 
processing. It is with this aim in mind that the work in this thesis is presented. 
A method of self assembling CNT-Polymer composites is shown whereby not 
only is the structure controlled, but there is an ability to control the electrical 
properties purely through the choice of the latex particles used.
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7.1 Particle Packing
By the use of colloidal latex films with a bimodal particle size distribution 
were fabricated. Analysis using AFM techniques shows that the systems 
follow the expected packing regime of macroscale particles as predicted by 
Furnas/Browers and others. With a diameter ratio of ~5 the fine phase is 
small enough to fill the interstitial spacing between the larger particles, up 
until about 0.2 of fines when there appears to be a volume expansion and 
although the overall structure is maintained it is no longer a close packed 
system. Theory predicted this to occur closer to 0.3 fraction of fines, but the 
charge and deformability of the particles as well as interactions such as 
‘sticking’ would account well for the small particles appearing larger and so 
not being able to continue to fill the interstices up to the theoretical prediction 
for their size.
7.2 Low Percolation Composites
The addition of a conductive filler to a high density bimodal system means 
that the filler is forced to fill the void space and so form a network at a much 
lower volume. The density is maximised by the use of particle mixing to fill 
the interstices of the larger particles with smaller ones. The CNTs are then 
seen to wrap around the particle network and as they cannot overlap with the 
particles or penetrate into them, the addition of the smaller particles restricts 
them even further. The typical percolation curves, for the conductivity 
behaviour of the films was measured for different particle mixtures. The 
curves show a shift to lower switch on fractions as the fraction of small 
particles in the mix is increased up to around 0.2 and the overall conductivity 
shows a slight reduction. The inability to produce cohesive films above 0.2 
fraction of small, prevented conductivity measurements of those systems. 
The conductivity for the small-only and large-only particle systems were 
observed to be the same though as expected from the theory.
Films with percolation thresholds as low as 0.02 wt % of CNT were created 
by using a simple, bimodal latex particle system. The creation of an ordered
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colloidal crystal with filled interstices means that a significantly reduced void 
fraction is created and so the conductive filler of CNT is forced to take up 
only the limited space and so form a connected network at much lower 
volume fraction,
7.3 Theoretical development
From the observed linear relationship of the void fraction with the percolation 
threshold of composite films, with a bimodal particle size matrix and 
conductive filler, a theoretical model was postulated. The concept that the 
void space in a segregated network is the space available for a filler to be 
able to take up, it therefore provides an upper limit to the filling capacity 
without disrupting the structure.
The amount of the void space that needs to be filled for a percolation network 
to occur was found to be ~ 0.4 from both experiment and theoretical 
calculations.
The shape of standard conductivity curves was replicated through using this 
value combined with the Furnas/Brouwers equations for calculating the void 
fraction in a bimodal system.
The observed reduction in the overall conductivity of previous experiments 
when the percolation threshold is reduced, is explained by the idea of the 
void fraction representing an upper limit to filling. If the percolation threshold 
has been reduced then the void fraction is generally reduced (assuming 
uniform filler particles and no volume expansion of the system)
The theoretical discussions of the similarity in the percolation threshold of the 
FCC and HCP structures is also supported in this theoretical framework. As 
both the FCC and HCP lattice have the same initial void fraction, it would be 
expected that they would have the same percolation threshold from the direct 
scaling relation of percolation to void fraction.
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The work presented in this thesis shows a neat and aesthetically pleasing 
solution to creating a low percolation threshold composite by combining 
several different theories that had not previously been considered as 
synonymous. The importance of the choice of matrix is highlighted, with 
emphasis placed upon the use of bimodal particle systems to create denser 
films with lower filling fractions. This work demonstrates that the electrical 
properties of films can be controlled through a simple method of particle 
choice. This work should have an impact on the nanoscale electronics so 
desirable in modern research. It has also demonstrated the ability to make, 
flexible, transparent conducting films with low concentrations of CNT.
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Future Work
This initial study into the fabrication of high density CNT composites has 
opened the door for a wide range of new research. The next major sep being 
in the study of other lattice systems, to see if the trends can be confirmed 
over a wider range of geometries. The study of different fillers, with different 
shapes should also be considered such as carbon black or metallic 
nanoparticles. Larger, non-deformable matrices would also be interesting to 
consider, such as glass or silica beads with the possibility of being able to 
remove the matrix later.
Some initial studies into better dispersion techniques and into the separation 
of CNT by type were carried out in conjunction with this work and both better 
dispersed and separated nanotubes should be studied. The use of purely 
metallic nanotubes should allow for much higher conductivity of the films. 
Semi-conducting tubes with various wrapping molecules could be considered 
for ordered photonic structures.
The continuation of the Furnas theorem for continuously graded systems 
would also be of interest, by using a continuous system of successively 
smaller particles it should be possible to fabricate even denser, and hence 
lower percolation, films.
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